Europaisches 
Patentamt 



European 
Patent Office 



Office europ^en 
des brevets 



ROD 1 3 JAN 2005 



WIPO 



PCT 



Bescheinigung Certificate Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
urspranglich eingereichten 
Fassung der auf dem ndch- 
sten Blatt bezeichneten 
europaischen Patentanmel- 
dung Qberein. 



The attached documents 
are exact copies of the 
European patent application 
described on the following 
page, as originally filed. 



Les documents fixes d 
cette attestation sont 
conformes ^ la version 
initialement d6pos6e de 
la demande de brevet 
europ^en sp^cifi^e h la 
page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n* 

03104900.0 J 



PRIORITY 
DOCUMENT 

SUBMITTED OR TRANSMITTED IN 
COMPLIANCE WITH RULE 17.1(a) OR (b) 



Der President des Europdischen Patentamts; 
im Auftrag 

For the President of the European Patent Office 
Le Pr^ldent de rOffice europ^en des brevets 

P.O. 



R G van Dijk 



BEST AVAILABLE COPY 




Europilsches 
Patentamt 



European 
Patent Office 



Office europten 
des brevets 



Application no.: 03104900-0 J 



Anmeldung Nr: 



Demande no: 



Anmeldetag: 
Date of filing: 
Date de d^pot: 



22.12.03 



Anroel der/Appl IcantC s)/Deinandeur( s) : 

Koninklijke Philips Electronics N.V. 
Groenewoudseweg 1 
5621 BA Eindhoven 
PAYS-BAS 



Bezelchnung der Erf IndungAI tie of the 1nvent1on/Tltre de 1' Invention: 
(Falls die Bezelchnung der Erflndung nicht angegeben 1st, slehe Beschrelbung. 
If no title Is shown please refer to the description. 
SI aucun titre n'est 1nd1qu6 se referer a la description.) 

Fabricating a set of semiconducting nanowires, and electric device comprising a 
set of nanowires 



In Anspruch genommene Prloriat(en) / PrIorltyCles) claimed /Pr1or1t6(s) 
revendlqu^eCs) 

Staat/Tag/Aktenzelchen/State/Date/Flle no./Pays/Date/Nuin6ro de d6p6t: 



Internationale Patentklassif 1 katlon/Internatlonal Patent Classification/ 
Classification Internationale des brevets: 

H01L21/00 

Am Anmeldetag benannte Vertragstaaten/Contracti ng states designated at date of 
flllng/Etats contractants designees lors du d^pdt: 

AT BE BG CH CY CZ DE DK EE ES FX FR GB GR HU IE IT LU MC NL 
PT RO SE SI SK TR LI 



03104900.0 

EPA/EPO/OEB Form 1014.2 - 01.2000 7001014 



2 



PHNL031430EPP 
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Fabricating a set of semiconducting nanowires, and electric device comprising a set of 
nanowires 



The invention relates to a metihod of and an apparatus for &bricating a set of 
semiconducting nanowires having a desired wire diameter. 

The invention further relates to an electric device conoqprising a set of 

nanowires. 

5 

US-Al-2002/0,130,311 discloses an embodiment of a method of febricating a 
set of semiconducting nanowires having a desired wire diameter, Nanowires are quasi on^ 
^^tmfinfii'nnal conductors or semiconductors. They extend along a longitudinal axis and have a 

10 wire length along this longitudinal axis firom hundred nanometers or below to several 

micrometers or even longer. Perpendicular to the longitudinal axis the nanowires have a wire 
diameter, which leads to quantum confinement effects described below and ^^^ch is smaller 
than typically a few hundred nanometers. The wire diameter may be below 1 00 nm and may 
lan^, e.g., between 2 and 20 or 50 nm. Due to the relatively small dimensions perpendicular 

15 to the longitudinal axis charge carriers such as electrons and holes are confined perpendicular 
to the longitudinal axis, i.e. in a radial direction. As a consequence the charge carriers have 
discrete quantum mechanical energy levels, which are determined by the wire diameter. In 
contrast to this, due to the relatively large dimension along the longitudinal axis, the charge 
carriers are not confined in discrete quantum medianical energy levels as fimction of the wire 

20 length. 

In the known method GaP nanowires are grown by a laser catalytic growth 
(LC5G) process, Le. the Ga and P reactants are generated by laser ablation of a solid GaP 
target The GaP target comprises a relatively small amount of gold, which serves as a catalyst 
for the nanowire growfli. The diameter of the nanowires thus obtained is relatively poorly 
25 defined. Alternatively, the target may be firee of the catalyst and the reactants may be directed 
into a nanowire structure by gold nanocluster catalysis. To this end, catalyst nanoclusters, 
also called nanodots, supported by a SiOa substrate may be used. The reactants and the gold 
nanodots produce nanowires via a vapor-liquid-solid (VLS) grovsrth mechanism. For growing 
wires having the desired diameter, nanodots having a size, which is similar to the desired 
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wire diameter, are used. The nanowiies grown in ibis way have on average a wire diameter, 
which is determined by the av^^e size of the nanodots. 

It is a disadvantage of the known method that the wire diameter is not well 
controlled, i.e. often at least one of the nanowires does not have the desired wire diameter. Jn 
Ifae known method nanodots having a size, which is similar to the desired wire, diameter and 
which are supported by a substrate are required. When erroneously one or more nanodots 
having a wrong diameter are used, one or more nanowires having a wire diameter different 
fiom the desired wire diameter are obtained. Moreover, it may h^en that during the VLS 
growth, which requires relatively high tenxpemtures, one or more of the nanodots detach fiom 
the substrate and cluster with one or more other nanodots. From the resulting cluster of 
nanodots a nanowire is grown whose wire diameter is determined by the size of the cluster of 
the nanodots rather than by the size of a single nanodots, yielding a nanowire with a wire 
diameter, v^ch is larger than the desired wire diameter. In order to reduce and ideally 
prevent this unwanted clustering the density of the catalyst nanqparticles and thus of the 
nanowires has to be relative^ low. 

It is an object of the invention to provide a method of fabricating a set of 
semiconducting nanowires in which the wire diameter is relatively well controlled 

The invention is defined by the independent claims. The dependent claims 
define advantageous embodiments. 

According to the invention this object is realized in that the method comprises 
the steps of providing a set of pre-&bricated semiconducting nanowires, at least one pre- 
fibricated semiconducting nanowire having a wiie diameter larger than the desired wire 
diameter, and reducing the wire diameter of the at least one pro-fabricated nanowire by 
etohing, the etohing being induced by electromagnetic radiation which is absorbed by the at 
least one pre-fabricated nanowire, a minimum wavelength of the electromagnetic radiation 
being chosen such that the absorption of the at least one pre-febricated nanowire being 
significantly reduced when the at least one pre-fabricated nanowire reaches the desired wire 
diameter. 

In order to reduce the wire diameter of the at least one pre-fabricated 
semiconducting nanowire having a wire diameter larger than the desired wire diameter, the 
set of pre-fabricated semiconducting nanowires is subjected to an etoh treatment induced by 
electromagnetic radiation. The eteh treatment induced by electromagnetic radiation, which is 
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knoMVD. e.g., from US-4,518,456, is a metiiod in which a semiconducting object to be etched 
is placed in an, e.g. aqueous, solution of, e.g., H3PO4 or HCl. While the object is in contact 
with Ihe solution, the parts of Ihe object to be etched are illuminated by electromagnetic 
radiation. The electromagnetic radiation may be visible or invisible to the human eye and is 

5 referred to in the remainder of fliis ^Ucation simply as "Ught". The Ught is at leastpartly 
absorbed by the object to be etched, thereby ^nerating electrons and holes. These hght 
gen^ted charge carriers, i.e. the electrons and/or the holes, then difiEuse and induce chemical 
reactions at the interfece between the object and the solution, hi the course of these chemical 
reactions, which are in the art also referred to as photo etching, atoms of the nanowire may be 

10 ionized and dissolved in the solution. Tlie ionization of these atoms may be induced by tiie 
Ught genraated charge carriers such as e.g. the holes. The process of dissolving the ions thus 
generated may mvolve the combination of these ions with ions in the solution. These latter 
ions may be induced by the Kght genraated charge carriers such as e.g. the electrons. For InP 
in a Huorine comiwismg sohition six holes may form Ih''^ and P'"^ ions out of InP. These 

15 positive ions may combine with negative Fhiorine ions F that may be formed by a reaction 
Fr»-2 elections resulting m 2 F: Similar processes known in the art may be used for other 

nanowire compositions. 

La tiiis qiplication the term "semiconducting" describes the class of materials 
in which electron hole pairs may be generated by Ught to induce etching, e.g. in the way 
20 described above. If not stated difEferendy, in the remanider of ttie appUcation the term 
**nanowiie" impUes a semiconductiiig nanowire. 

As described above, the etdiing requires the absorption of Ugjhtby the pre- 
fihricated nanowire. Due to tiie quantum mechanical confinement tiie quantum mechanical 
energy levels available to tiie electrons and holes generated by the Kght depend on tiie wire 
25 diameter. As tiie wire diameter is reduced, flie spaomg betwerai tiie levels, i.e. tfie spacing 
between the conduction band and the valeiK^ band, also referred to as the bandg^, is 
iuCTcased and, correspondingly, a larger energy is required to generate an electron hole pair. 

When Ught having a given wavelmgtii X is used, flirae is a cotain wire 
diameter at which tiie energy of a photon is no longer suffidtait to genraate an electroit-hole 
30 pan-. As a consequence tiie etching efficiency is largely reduced. The etching process 

effectively stops, Le. tiie etch tieatinent is self-termmating. By choosing tiie spectrum of tiie 
Ught, and in particular tiie shortest wavelength, in tiie remainder refened to as tiie minimum 
wavelength of tiie spectrum, appropriately, it may be achieved tiiat tiie etch tieatinent is self- 
tenninating vrbm the at least one pre-fabricated nanowire has tiie desoed wfce diameter. Due 
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to this self-tennination the wire diameter is relatively weU controUed in the obtained set of 
semiconducting nanowires. The method has flie additional advantage that the wire diameter is 
not dependent on the size of the nanodots used in the known method to control the wire 
diameter. Therefijre, after etching the nanowires accoiding to the invention, the size of the 
5 nanodots is not critical and incidental chisterii^ of the nanodots does not result in nanowires 
having a wire diameter larger than the desired wire diametra-. 

Each desired wire diameter correqionds to a certain wavekaigth the value of 
which depends on the chemical composition of the nanowires. In general it holds that for a 
smaller wire diameter a shorter wavelength of the Kght is required. Listead of light having a 
10 single wavelength, Kght conqmsing several q)ectral components each having differ 

wavelengths may be used, provided that the shortest wavelength conesponds to the desired 
wire diameter. In other words, a spectrum of the light is chosen such that the absorption of 
the at least one pre-fibricated nanowire is significantly reduced when the at least one pre- 
&bricated nanowire readies the desired wire diameter. 

nanowires the qnantom mechanical eneigy levels available to the electrons 
and holes generated by the light do not depend on the wire length, as discussed above. 
Therefore, the method according to the invention works for all nanowires independent of 
their wire length. 

From the article **Etdiing of colloidal InP nanociystals with fluorides: 
photochemical nature of the process resulting in high photolummescence eflBdency" by D. 
Talapin et al.. Journal of Piysical Chemistry B, 2002. volume 106, page 12659-12663, it is 
known that nanodots having a size of 5.2 nm or less can be etched. Accoiding to this article 
the etching is induced by light that is absorbed by the nanodots. The spectrum of the Ught is 
chosen such that the absorption of the nanodots is significantly reduced when the nanodots 
reach the desired size. 

For nanodots the quantum mechanical energy levels available to the electrons 
and holes generated by the light depend on the size of the nanodots, i.e. on the dimensions in 
all three directions. In contrast, tiie method according to the invention is independent fiom 
one of the three dimensions, i.e. from the wire lengdi. Therefore, the method according to the 
article by Talapin does not work for all nanowires independent of their wire length. 

The provided pre-febricated nanowires may be obtained by any known method 
for manufecturing nanowires such as the LCG or the VLS metfiod. AlternativBly, the 
nanowires may be obtained e.g. by etohing them fi»m a single crystal. 



PHNL031430EPP 

5 22.125003 
The pre-fabricated nanowires may be attached to a substrate, they may be 
disposed in a Uqaid solution or they may be laying loosely on a substrate. 

Hie set of nanowires may comprise one or more nanowires. 
The desired wire diameter may be one diameter or, when the set of nanowires 
5 conqirises more than one nanowire, it maybe a number of wire diameters for the respective 
nanowires. 

The set of nanowires may conqnise a selection of the nanowires comprised on 

a substrate or in a solution. 

The nanowires may be of a homogeneous composition, i.e. fliey may have iJie 
10 same chemical contposition as function of the wire diameter and the wire length. 

Alternatively, some or aU nanowires may be of a heterogeneous composition, i.e. fliey may 
have a diemical composition which is a function of the wire diameter and/or tiie wire length. 
The chemical composition may be changed due to doping of the semiconducting nanowire, 
which depends on the wire diameter and/or the wue lenglb. 
j5 In this ^Ucation the term "nanowire" describes both nanowires with a soUd 

core and nanowires wilh a hollow core. Hie latter are also referred to in the art as nanotobes. 
Also in flie latter type of nanowires diargp cairieis sodi as electrons and holes arc confined 
perpendicular to the longitudinal axis, i.e. in aradial dircctioii, due to the relatively small 
dimensions perpendicular to the longitudinal axis. As a consequence flie charge carriers have 
20 discrete quantum mechanical energy levels, which are detemiined mainly by the thickness of 
the core defining Una type of nanowire. Due to the relatively large dimension along the 
longitudinal axis, the charge carriers are not confined in discrete quantum mechanical energy 
levels as function of the wire length, analogous to the nanowires having a soUd core. When 
the nanowire has a hoUow core, the wire diameter refers to the thickness of the core. The 
25 thickness ofAe core is the difference between the outer wire diameter and the inn« wire 

diameter, i.e. the diameter of the hollow part 

In an embodiment a radiation source is used whidi emits the electromagnetic 
radiation inducing the etching and m addition to tiiis also electromagnetic radiation having a 
wavelengfli shorter flian the minimum wavelengfli. The electromagnetic radiation emitted by 
30 tiie radiation source is spectrally filtered for substantiaUy redudng electromagnetic radiation 
having a wavelength shorter than tiie minimum wavelength. This latter electromagnetic 
radiation having a wavelengfli shorter flwn tiie minimum wavelengfli is able to induce etohing 
of tiie pre-fabricated semiconducting nanowires having flie desired wire diameter, i.e. it has a 
wavelengfli which is shorter flian the wavelengfli at which the etehing process terminates at 
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the desired wire diameter. Prior to directing the electromagnetic radiation onto &e pi©, 
febricated nanowires, the electromagnetic radiation emitted by the radiation source is 
spectrally filtered for sobstantially reducing electromagnetic radiation having a wavelength 
shorter than the minimum wavelength. In this w^ etching of pr^fibricated semiconducting 
nanowires having tiie desired wire diameter is substantiaUy reduced and preferably 
effectively prevented. In tiiis plication the term 'ligjrt source" is used as a synoi^ for tiie 
temi "radiation source". The tenn "li^A source" is not limited to radiation sources which 
emit visible electromagnetic radiation but may mchide radiation sources which emit 
electromagnetic radiatian invisible to tihe human eye. 

In an embodiment the pre-fahricated semiconducting nanowires have a 
diameter larger tiian or equal to tiie desired wire diameter prior to tiie step of reducing tiie 
wire diametK. During die step of reducing tiie wire diameter tiie pre-fibricated nanowires 
having a wire diameter larger tiun tiie desired wire diameter are etched until tiiey have tiie 
desired wue diameter. In tiiis way a set of nanowires is obtained which substantiaUy has tiie 
same desired wire diameter, which is determined by tiie shortest wavelengtfi comprised in flie 
spectium. As tiie band gap of tiie nanowires is directiy related to tiie temiination of flie light 
induced etching, substantially all nanowires of tiie set have tiie same band gap. which is 
determined hy tiie shortest waveloigtti conqnised in the spectram. 

The light inducing tiie etch tieatinent may be linearly polarized along an axis. 
In general, tiie absoiption of light by a semiconducting nanowire is polarization selective. 
Ligjit polarized parallel to tiie longitudinal axis of a nanowire is absorbed much more 
effidenfly byflie nanowire flianlightpolaiized perpendicular to this axis. This dififerenceis 
particularly large when flie medium surrounding tiie semiconducting nanowire has a 
dielecttic constant^ which is different from tiiat of tiie semiconducting nanowire. By using 
linearly polarized light flie etching eflBciency depends on flie orientation of flie nanowires: 
nanowires oriented parallel to tiie axis are etched relatively eflBdentiy whereas nanowires 
oriented perpendicular to tiie axis are etched relatively inefiBdentiy. Intermediate nanowires 
having an orientation of flidr longitudinal axis, which is neiflierparaUel norpeipendicular to 
tiie axis of tiie polarization, are etched witii an intennediate etching effidency which is a 
30 function of flie angle between flie longitudinal axis and tiie axis of flie polarization. In tins 
way a set of nanowires having an orientation dependent wire diameter may be obtained. 

The light inducing tiie etch treatinent may comprise a first component linearly 
polarized along a first axis and a second component linearly polarized along a second axis 
forming an angle larger ttian zero wifli flie first axis. In fliis way it is possible to etdi flie 
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nanowires oriented paraUel to the first axis in a different way than the nanowires oriented 
paraUel to the second axis. The first axis may be perpendicular to the second axis. To this end 
Ifae spectral properties and/or the intensity of tiie two components may be adjusted. The first 
component and the second component may be provided simultaneously or sequentiaUy, i.e. 
one after the other. Alternatively, they may be provided partly simultaneously, i.e. for a 
certain time period both components are provide together and another time period one of the 
two components is proved but not the other. 

When the first conqwmait has a first spectrum with a first minimum 
wavelengtfi and the second component has a second spectrum witih a second minimum 
wavelength di£Eerrait fimm the first minimum wavelength, nanowires orioited parallel to the 
first axis are etched to a wire diameter determined by the first minimum wavelength whereas 
nanowires oriented parallel to the second axis ate etdhied to a wire diameter determined by 
the second minimum wavelengfli. It is thus possible to obtain a chemicaUy homogeneous set 
of nanowires, which have difEerent wire diameters, depending on their orientation. In other 
words, a set of nanowires with a homogeneous chemical composition is obtained vfbida. has 

an anisotcopic band g^. 

Another way to obtain an anisotcopic distribution of band gaps in tiie set of 
nanowires is based <m the dependence of the etch rate on the absorption and hence on the 
intensity of the li^ In one onbodiment the first component has a first intensity and the 
second conqjonent has a second intensity different fixnn the first intensity. As a result an, e.g. 
tandomly oriented, set of nanowires is tidied oriraitation dependent The nanowires being 
mainly paraUel to the first axis are etched more efiBdently than the nanowires being mainfy 
parallel to the second axis. In one embodiment the second mtensity is substantially zho and 
tiie nanowires parallel to the second axis are not etched at alL As a result, a set of nanowires 

with the desired wire diameter m^ be obtained, all of the nanowires of the set having a 
longitudinal direction parallel to the second axis. 

According to another aspect <rf1he invention the &sired wire diameter may 
comprise zero, i.e. at least one pre-fibricated nanowhe is eflfectively removed ftom tiie set of 
pre-fibricated nanowires by etching induced by Hght The inventors have gamed the insi^ 
that nanowires havmg a wire diameter smaUer than a certain thrediold value are no longer 
stable, i.e. they feU ^art and are efifectively etched away. The threshold value depends in 
general on the chemical composition of the nanowire and may be well below 3 nm such as 
eg. approximately 1 nm. 
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The instability of the nanowires having a wire diameter below or equal to the 
thrrahold value may be used to remove a nanowire from the set of pie-&bricated nanowires. 
To this end light comprising a wavelength, which is absorbed by a nanowire having a wire, 
diameter below or equal to the threshold value is used. This U^t induces etching of the 
nanowire down to a wire diameter at which the nanowire &lls apart and thus disappears. 

When the light indudng etching of nanowires having a desired wire diameter 
of zero is linearly polarized, nanowires having their longitudinal axis parallel to the 
polarization of flie light may be removed, whereas nanowires having then: longitudinal axis 
perpendicular to the polarization direction of the light are etched mudi less efficiently. In this 
way, substantiaUy all nanowires paraUel to the polarization direction may be removed. When 
Hght is applied even longer, substantially all nanowires, ^ch are not substantially 
prapendicular to the polarization direction, are removed atid a set of nanowires oriented along 
an axis perpendicular to the polarization direction is obtained. As tbe remaining nanowires 
have not been etched efficiendy, Ihey may have a substantially unchanged distribution of 
wire diameters. 

The pre&bricated nanowires m^ be distributed on a sur&ce or in a volume 
and the light mdudng etdhing of nanowires havmg a desired wire diameter of zero may be 
supphed to a part of the sui&ce or the volume. As a result the nanowires be removed 
fiom the illuminated part of the sur&ce or the volume but not fiom the remainder of the 
suifece of the volume. The part to be illummated may be illuminated by focusing the Ught on 
that part Alternatively or m addition the Ught may be partly blocked by a mask such as, e.g. a 
lithography mask. 

According to another aspect of the invention the pre-febricated 
semiconducting nanowires may be supported by a substrate. The pre-fabricated 
semiconducting nanowires may be lying on the surfece, they may be attached to the surface 
and/or they may be chemically bound to the surface. As described above, tiie light induced 
etching treatment is self-terminating due to the quantum confinement of the charge carriers in 
the nanowire. The inventors have gained the insight that this quantum confinement is not 
significantly disturbed when the nanowire is supported by a substrate. This is surprising m so 
fer as the vicinity of the substrate in general changes the quantum mechanical energy levels 
avaUable to the charge carriers. However, the inventors observed that this change of the 
quantum mechanical energy levels is relatively smaU and the etching is self terminated at 
substantially die same wire diameter. This efifect occurs even when the substrate is an 
electrical conductor and the pre-fabricated semiconducting nanowires are electrically 
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conductively connected to the substrate. Such a substrate with nanowires attached to it is a 
very good starting point for the manufecturing of an electric device comprising such a 
nanowire. 

The substrate may have a surfece constituted by a part supporting the pre- 
5 fibricated semiconducting nanowires and another part being free from the part, at least the 
other part being etch resistant The term etch resistant impKes that the Ught induced etching 
does not or substantially not modify the surfece. In this way the surfece of the substrate is not 
etched during the etdiing of the nanowires. It substautiaUy remains in its initial shape. This is 
in particular advantageous when the nanowires siqjported by the substrate are attached to the 
10 siibsliate because otherwise the nanowires may get detatshed during the etch treatment which 
may conqilicate further use of flie nanowires in, e.g., an electric device. 

The substrate may be of a homogenous conqwsition which is etch resistant In 
another embodiment, the substrate comprises a first layer, which is not etch resistant, and a 
second layer, which is et«ih resistant, the second layer constituting the surfece. The 
15 combination of the first IsQrer and the second layer allows to obtain the deshed etch resistant 
surfece while oflier desired properties of the siibstrate, which may be not provided by the 
second layer alone, may be provided by the first ]ayec. The first laqrer may be, e.g., 
mechanicaUy rigid whereas the second layer alone, i.e. without the first layer is not 
mechanicaUy rigid. The first layer may be dectrically conducting whereas the second layer 
alone is insulating. It is often advantageous if the second layer is connected to flie first layer 
by a chemical bond which is etoh resistant, i.e. substantially not broken by the ^h treatment 
This assures that the first layer is well protected by the second layer during lbs etch 
treatment, resulting in an intact substrate after the etching. 

It is advantageous if the second layer is conoposed of one or more materials 
25 selected ftomalkyltriethoxysiloxane and alkyltriniethoxysilaxane. There 

a layer ixdiich effectively protects the first layer which may be conq)Osed of one or more 
elements selected from siUcon, siKcon oxide, aluminum oxide, metals such as e.g. Platinum 
or a polymer. The above mentioned materials for the second layer have the advantage that 
relatively thin layers o^ e.g. one, monolayer aheady result m an effective protection of the 
30 first layer. This is in particular advantageous because die nanowire may be parfly surrounded 
by the second layer, the surrounded part being protected against etchmg as welL This results 
in a nanowire which is not etched or less effectively etohed at its end siqjported by the 
substrate. By using a relatively diin second layer, the part of the nanowire which is not etdied 
or less effectively etched, is kept smalL 
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When the step of providing the pre-fihricated semicondacting maxmixes 
comprises the sub-steps of providing the substrate, the substrate being not etch resistant, and 
growing semiconducting nanowires on a surface of flie substrate, the grown semiconducting 
nanowires being the pre-fihricated semiconducting nanowires, it is advantageous if the 
5 surfece of the substrate wMch is e>q>osed after the step of providing the pre-fibricated 

semiconducting nanowires, is covered by an etA resistaot la3^ prior to the stsp of ledu^ 
the wire diameter of the at least one pre-fibricated nano whe by etching. In other words, the 
etch resistant layer is provided after growing the nanowires. Growing the nanowires by, e.g., 
VLS growth requires relatively high temperatures. By providing the etch resistant layer after 
10 llw growths ofthe nanowires, it is assured that the etch resistant Is^rer is not sub^^ 

these relatively higji temperatures. It is thus possible to use an etdi resistant layer conqwsed 
of a material v/bidi cannot withstand these traiqteratures. 

In a number of embodiments, the pr»-febricated semiconducting nanowires are 
distributed over a sur&ce area of the substrate. It is then advantageous to illuminate a part of 
15 the sur&ce area by a first light intensity while another part of the sur^ fiee fiom the part of 
the sur&ce is hiadiated by a second Hght mtensity smaller than the first light mteosity. In this 
w^ relative effective etehmg of pre-fabricated semiconducting nanowires in tiie part of flie 
surfece is induced Tudnle pre-fabricated semiconducting nanowires in the other part of the 
surfece are etched substantially less efficient because tiie etching efficiency scales with the 
20 lig^rt intensily. In this wsy a substrate may be obtained yvbicb has nanowires of the different 
wire diameter in the part and the otiier part To this end tiie illumination may be stopped 
when tiie wire diameter of tiie nanowires in flie part of tiie surface is not changed anymore 
due to self-temnnation of flie etehing process. When integrating bofli parts in a light-emitting 
device, two different colors conesponding to tiie two different wire diameters may be 
25 obtained. In one embodiment flie second light intensity is substantiaUy zero, i.e. tiie 
nanowires on the other part of the surface are substantially not etehed. 

hi anotiier embodiment tiie pre-fabricated semiconducting nanowires are 
distributed over a surface area of flie substrate, a first part of flie surface area being irradiated 
by light having a first minimum wavclengtii, a second part of tiie surfece fiee ftom flie part of 
30 tiie surfece being irradiated by light having a second minimum wavelengfli different from tiie 
first wavelengfli. Also in this case a substiiate may be obtained which has nanowires of tiie 
different wire diameter in tiie part and tiie otiier part When flie nanowires are etched until flie 
etehing is self-terminated, the wire diameters are determined by flie first mmimmx, 
wavelengfli and flie second mimmum wavelengfli, respectively. This has ttie advantage tiiat 
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the control of the wire diameter is relatively reliable as compared to the embodiment 
described above. 

An electric device according to the invention may comprise a set of 
semiconducting nanowires, die set conqirising a first subset of nanowires each having a first 
wire diameter and a second subset of nanowires each having a second wire diameter different 
ftom ihe first wire diameter, the nanowires of the first subset bemg attached to a first part of a 
sobsirate, the nanowires of the first subset being attached to a second part of the substrate 
fiee ftom the finest part Such an electric device may be e.g. a light emitting device in vMch 
li^t of a different wavelength may be emitted by the nanowires of the first and second 
subset^ respectively. Hie electric device may be an integrated dreuit in vi*ich the nanowires 
serve as semiconducting elements wbo^ electrical behavior depends on Ihe bandgap and 
hence on the wire diameter. Examples are transistcnrs such as metal oxide semiconductor field 
effect ttaosistors (MOSFET) in which the nanowire constitotes the semiconducting substrate 
and bqiolar tiansistois. Ihe threshold voltage of the MOSEBT depends on the band gap of Ihe 
nanowire. Thus transistors witii different threshold voltages may be obtained in the same 
electric device. Alternatively or in addition, Ihe semiconducting element may conqirise a 
diode. 

The nanowires of the first subset may be electrically comiectBd to a conductor, 
tbe nanowires of the second subset may be electrically connected to a fiirther condoctor 
element which is eledrically insulated firam the conductor. In this way the nanowires of the 
first subset may be addressed independraitly fixMn those of the second subset by means of 
electrical current 

The nanowires may conqirise a p-doped part and an n-dopedpart forming ap- 
n junction. This p-n junction may constitate a diode with electrical cbaractraistics depending 
on the wire diameter. The electrical device may comprise electrical diodes of different 
characteristics. The diode m^ serve as a light emitting diode. At least one of the nrdoped 
part and die p-doped part may be a direct semiconductor. 

The n-doped part may be electrically connected to a first conductor having a 
first distance to ttie p-n juncticm, Hao p-doped part may be electrically oannected to a second 
conductor having a secoiul distance to the p-n junction smaller than the first distance. In 
general die conductance of the p-doped part is lower than that of Ihe nrdoped part. Therefore, 
the electrical current is relatively high -wheal the p-doped part is shorter than the n-doped part 

The n-doped part may have a wire diameter which is lai:^ than the wire 
diameter of the p-doped part The mobihty of tiie mq'ority charge carriers in the p-doped part. 
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i.e. of the holes, is lower than that of the majority charge carriers in the n-dopedparl; i.e. of 
the electrons. Therefore, the recombination takes place mainly in the p-dopedpart The 
wavelength of the light emitted when an electron and a hole reoombine is detemiined mainly 
by the wire diameter of the part in whidbi the lecombinaticm takes place, i.e. by the wire 
diameter of the p-doped part Hie wire diameter of the p-dqped part and thus the wavelet^ 
may be conttoUed by using die method according to the invention. When the wire diameter of 
the n-doped part is larger than that of the p-doped part, the resistance of the n-dopedpart is 
reduced leading to a higher current flow whereas the wavelength of the Ught emitted is 
mainly determined by the wire diameter of Ae p-doped part In this way a light emitting 
diode emitting a relatively short wavelraiglh and having a relatively high bri^tness may be 
obtained. 



These and other aspects of the method of febricating a set of semiconducting 
nanowircs according to the invention will be further ehicidaled and described with reference 
to the drawings, in which: 

Figs. 1 A and IB are perspective views of a substrate with attached to it 
prefabricated nanowires prior to the etch treatment and after the etch treatment, respectively. 

Fig. 2 is a is a schematic diagram of an ^aratus used for executing the 
method according to the invention; 

Figs. 3A and 3B are top views of a set of pre&bricated nanowires prior to the 
etch treatment and after an etdi treatment induced by unpolarized light, respectively; 

Figs. 4A, 4B and 4C are schematic top views of a set of prefabricated 
nanowires prior to the etch treatment, afler an etch treatnent induced by linearly polarized 
light for a first time period and for a second time period longer than flie first time period, 
respectively^ 

Figs. 5A, 5B and 5C are schematic top views of a set of prefabricated 
nanowires prior to the etch treatment, after an etch treatnent induced by linearly polarized 
light along a first axis and along a second axis perpendicular to the first axis, respectively; 

Fig. 6 is a cross section of a substrate with a surfoce having an etch resistant 

part; 

Fig. 7 is a schematic top view of a substiate supporting a set of pre&hricated 

nanowires; 
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Figs. 8A and 8B are a schematic top view and a respective schematic cross 
sectional view along line Vm-Vffl of Fig. 8A of an electric device comprising a set of 
prefibricated nanowires at a fiist stage of ihe manufectoring process; 

Figs. 9A and 9B are a schematic top view and a respective schematic raoss 
5 sectional view along line EX-DC of Fig. 9A of an electric device comprising a set of 
prcfebricated nanowires at a second stage of the manufecturing process; 

Figs. lOA and 1 OB are a sdiematic top view and a respective schematic cross 
sectional view along line X-X of Fig. IDA of an electric device comprising a set of 
prcfebricated nanowires at a third stage of the manufecturing process; 
jQ Figs. 1 1 A and 1 IB are a schematic top view and a respective schematic cross 

sectional view along line XI-XI of Fig. 1 1 A of an electric device comprising a set of 
prefebricated nanowires at a fourth stage of the manufecturing process; 

Figs. 12A and 12B are a sdiematic top view and a respective schematic cross 
sectional view along line XH-XH of Fig. 12A of an electric device comprising a set of 
15 prcfebricated nanowires at a fIfBi stage of the manufecturing process; and 

Fig. 13 is a sdiematic cross section of anotiior electric device. 
The Figures arc not dravm to scale. M general, identical components are 
denoted hy the same reference numerals. 

20 

In the method of fibricating a set of semiconducting nanowires having a 
desired wire diameter according to the invention, first a set of pre-fibricated semiconducting 
nanowires 10 is provided. The naoowires 10 may he obtained in tiie foUowmg way: 

A substrate 20 sudi as, e.g., a wafer of siUcon or of a m-V semiconductor 

25 sudiascg. GaAs whichmayhaveanativeoxide,oraninsulatingplatBof e.g. alumhmm 
oxide or siUcon oxide is provided witii an equivalent of an. e.g. 4, Angstrom of a metal such 
as Au, Ag, Pt, Cu, Fe, Ki or Co and placed on an insulating substrate holder of e.g. aluminum 
oxide, SiUcon oxide, ceramic or graphite at tiie downstream end of an oven. The substrate 
temperature is measured 1 mm below flie sabsti»te hy tiie use of a thermo couple. When the 

30 substrate witii tiie metal fihn is heated to approximately 500 degree Celsius, nanoparticles are 
formed out of tiie metal fihn which nanoparticles may act as a catalyst for tiie growfli of tiie 
nanowires 10. The tiridmess of flie metal fihn may he between, e.g., 2 and 60 Angstrom. The 
thicker tiie metal fihn. tiie larger is tiie wire diameter of tiie nanoparticles. Heating a metal 
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film conqiosed of gold having a tbidmess of 5 Angstrom at 470 degrees Celsius, nanowires 
with a diameter of 40 sm are obtained. 

A pulsed excimer laser operating at a wavelength of Ar=193 nm, 100 mJper 
pulse and at a repetition rate of 1-10 Hz is focused on a target, which is placed 3-4 cm outside 
an oven at the iq)stieam ead of a quartz tube of an oven. The target m^ be an IhP target 
AltemativBly, the target may comprise one or mote targets selected from e,g. Si, Ge, lijAs, 
GaP and GaAs. In general. Ihe material may be any group IV. HI-V or H- VI semiconducting 
matoriaL 

The target material is v^rized and transported over the substrate 20. This 
results m the growth of nanowues 10 under the catalysis of the nanopaitides fomied out of 
the metal fihn. IhP nanowires are grown when the substrate temperature is m the range 450- 
SWfC. The higher the temperature, the largw is the wire diameter of the nanowires grown. At 
a temperature above 500°C IhP nanotubes. i.e. a nanowire with a hollow core, may be 
fonned. The pressure during growth is m the range 100-200 mbar and an argon flow between 
100-300 seem is applied. The length of the nanowires maybe, e.g., 2-10 micron when 15000 
laser pulses are applied. Shorter aad longer nanowfres may be obtamed with less and more 
laser pulses, respectively. The resulting wire diameter is determined by the thickness of the 
metal fihn and by the substrate temperature during growth. Dopants may be added at a 
concenttation o^ e.g. 0.001 - 1.0 mol% to obtam n-type and/or p-type InP nanowires. The n- 
type dopants may comprise e.g. S, Se and Te, the p-type dopants may comprise e.g. Zn. The 
dopants may be added to the target illummated by the excuner laser or they may be provided 
as a gas to the oven, independent from the illumination of the target. The resulting level of 
active dopants in the nanowire is 10"-10™ atoms/cml E.g. by shifting the laser beam to 
another target, e.g. selected from one of the targets described above, daring the growth 

process, a junction may be built in the wire, le. ap-n junction and/or hetero-junction. 

The pre-fabricated semiconducting nanowires 10 thus obtained are siqiported 

by the substrate 20. shown in Fig. 1 A. At least one pre-fibricated semiconducting nanowire 
10' has a wire diameter d' larger than the desired wire diameter d. The wire diameter d' may 

be due to clustering of two or more nanoparticles during the growth of the nanowires 10 

and/or due to deposition of a too thick metal fihn and/or due to a too high temperature during 

the synthesis of the nanowires 10. 

The substrate 20 may be an electrical conductor sudi as an. e.g. p-dqped or n- 

doped, silicon wafer. The pre-fibricated semiconducting nanowires 10 tnay be eleclricaUy 

conductively connected to the substrate 20. To this end the metal fihn may be deposited on a 
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substtate 20 which does not have a native oxide film. When the nanoparticles acting as 
catalyst and the nanowires 10 are formed in an oxygen-firee atmosphere, the nanowires 10 
may be electricaUy conductively connected to the substrate 20. 

Subsequently, die wire diameter d' of the at least one pre-febiicated nanowire 
10' is reduced by etching. To Ihis end an etch solution is prepared by adding 0.1-20 vol% HF 
such as e.g. 2.5 vol.% and 20-200 gA such as 62.5 gA trioctylphosphideoxide (TOPO) to a 
san^le of an alcohol such as e.g. 1-butanol, pentanol, propanol or elhanol. Instead or in 
addition to TOPO trioctylphosphide (TOP) may be used- The total quantity of TOP and 
TOPO mj^ be between 20-200 g/l. A droplet of e.g. 20 \d of Ihe etch solution 21 tiius 
obtained is drop-casted onto liie substrate 20 with tiie pre-febricated nanowires 10. A glass or 
Teflon coated plate 22, shown in Fig. 2, may be placed on top of tiie droplet to avoid 
evaporatian of flie solution. The plate 22 maybe si5)portedby siqiport structure, not shown, 
to obtain a well defined thidmess of the etch droplet 22. 

The nanowires 10 are etched by subjecting tiie nanowires 10 which are in 
contact with the etdi sohition to Kght The etching of the nanowires 10 is induced by tight 
absorbed by fliem. The spectrum of tibe ligjit is diosen such tiiat the absorption of the at least 
one pre-fiibiicated nanowire 10' is significantiy reduced when Ibe at least one pre-fabricated 
nanowire 10' reaches the desired wire diameter d. For a desired wire diameter d of 6, 10, 30, 
44 and 60 nm of an MP nanowire die minimnm wavelengfli is approximately 760, 820, 870, 
890 and 905 nm, respectively. The emission of bulk InP is at Xr=920 nm. 

Hus self-termination of the Ught induced etching is due to the quantum 
confinement wbich limits the absorption of the Kght below a certain wire diameter as 
described above. The result afler this etch treatment shown inFig. IB is that the pre- 
fiibricated nanowne 10' has the desired wire diametra d. 

In an embodiment substantially aU Ihe pre-fiibricated nanowires 10* have a 
diameter d* larg« than or equal to the desired wire diameter dprior to the step of reducing 

Ihe wire diameter. To this end the metal fihn used for forming the catalyst nanoparticles may 
be relatively thick such that substantially all pre-febricated nanowires have a wire diameter 
larger than the desired wire diameter. After performing die etdiing iieatment substantially aU 
nanowires have tiie desired wire diameter d. The tenns "substantially all the pre-febricated 
nanowires" and "substantially all tiie nanowires" imply tiiat die pre-febrication of the 
nanowires 10' is designed to produce nanowires having a diameter d' larger tiian die desired 
diameter d. Due to inddental unwanted formation of one or afew small nanoparticles out of 
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the metal film one or a few of (he nanowiies may have a wire diameter d' y/Mch is 
acddentally smaller than the desired wire diameter d. 

For the light induced etching an apparatus 29 shown schematically in Fig. 2 
may be used. The apparatus comprises a Ugjit source 30, which may be, e.g., a HgXe lamp, 
for illuminating the pr&-fibiicated nanowires 10. The Ught of the light source may be 
unpolarized. Large areas of die substrate 20 having the pie-febricated nanowires 10 may then 
be etched simultaneously. The Ught source 30 emits the spectrum for inducing the etching. 

men etching IqP nanowires and aiming for a desired wire diameter of 10 nm the qiectom 
has a minimum wavelength of 820 nm. The Ught source further emits a fiirlher wavelength 
betweeu 820 and 254 nm. The U^t having the fiiriher wavelengfli is able to induce etehing of 
the pie-&bricated semiconducting nanowires 10 having the desired wire diameter d. To 
largely reduce etching of the nanowires 10 having the desired wire diameter d, the Ught 
emitted by the Ught source 30 is apectraUy ffltered by a filter 3 1 for substantiaUy reducing 
Ught having the forfher wavelength prior to inducing the etching. A long-pass fflter, a band- 
pass filter such as an mterference filter and/or a monochromator may be used to substantiaUy 
prevent etdiing of nanowires having the desired wire diameter. Applying an appropriate filter 
the nanowires are size-selectively photo-etohed down to the desired wire diameter. The 
etehing process typicaUy takes 2-10 hours. AUematively, a laser m^ be used as a Ught 
source 30. The laser beam of the laser may be Unearly polarized thus the Ught inducing the 
etch treatment is Unearly polarized along an axis. The laser may be a tunable laser such as 
e.g. a diode laser or a Titanium Sapphire laser. 

The U£ht of the Ught source 30 may be focused on the substrate 20 having the 
pre-febricated nanowires 10 by an objective 33. The power density of the U^t inducing the 
etehing dqiends on the magnification of the objective used. The magnification may be e.g. 
between 50 and lOOOx. The power density may be between 0.5 and 1 0 kW/cm^ at a 
wavelength of 457 nm. The polarization vector may be rotated by, e.g., a polarization rhomb. 
The maximum excitation polarization ratio obtained with an InP nanowire is 0.95. A blue 
shift and/or an intensity mcrease in the photoluminescence is typicaUy observed after photo- 
etehing 3-120 minutes. The maximum increase in emission intensity obtained is a &ctor 
1300. 

Prior to subjecting the prefabricated nanowires to tiie etch solution the 
nanowire may be subjected to an aqueous solution of 20 vol. % of HF \\^ch may remove an 
oxide at flie outer surface of the nanovwre. Such a treatment may reduce die process time 
required for reducing the wire diameter by the Ught induced etch treatment 
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During the etching process the nanowire may emit a light signal doe to, e.g. 
photo luminescence which is indicative for the wire diameter. The emission intensity as weU 
as the emission wavelength may te monitored by a monitor unit 35 which may provide a 
signal relating to the intensity of the photoluminesceaice and/or a signal relating to the 
wavelength of the photo himinescence. The Ught source 30 may be controlled in dependence 
of one or both signals provided by the monitor unit 35. For instance, the Ught source maybe 
blocked when the monitor unit 35 provides a signal indicating that the photo luminescence 
has a predefined specHal composition. When using the self-termination of die Ught induced 
etching process ttiis aUows for reducing and preferably avoiding unnecessary Ught exposure 
and process lime affcer the nanowires have the desired wire diameter. To this end the monitor 
unit 35 and the light source 30 may be connected to a system control unit 36 such as a 
computer. In the ernbodiment shown in Fig. 2 the Ught detected by the monitor unit 35 is 
coUected by the objective 33 and seqpaiated fi»m the Ught inducing the etching by a beam 
spUtter 37. The beam spUtter 37 may be a dichnric mirror whidi is reflecting at die 
wavelengfli of the photo luminescence and transparent at the wavelength of the Ught inducing 
tbe etching. 

In an embodimtent the Ught induced Aching is traminated not by the feet that 
the Ught is no longer absorbed due to the quantum confinement Instead, the etching is 
tenninated when the nanowires have a desired wire diameter d at which the Ught inducing flw 
etching is stiU absorbed, hi order to control the wire diameter d during the etching, the Ught 
emitted by the nanowires 10 is monitored, e.g. by the monitor unit 35, and depending on the 
spectral composition and/or the intensity of the Ught emitted by the nanowires 10 the 
appUcation of the Ught inducing the etching is termmated. To diis end the Ught source 30 
may be switched off or may be blocked by a shutter, not shown. 

This method is based on the insiiM^diat the Ught eniitted by the nanowires 10 

during tbe Ught induced etching is indicative ft»r the wire diameter d of the set of nanowires 
being etched. The thinner the nanowires 10 get (he more blue ^lifted is the Ught onitted by 
the nanowires. Hins, by monitoring the wavelength of the Ught emitted by die nanowires 10 
during the etching the time at which the Ught ^Ucation has to be stopped in order to obtain 
the desired wire diameter may be detraxuined. 

In an embodiment a set of randomly orioited pre-fibricated nanowires 10 is 
provided. This set may be obtained e.g. one of the foUowing ways: The nanowires 10 maybe 
grown on a substrate 20 having a textured surface, parts of flie textured surfece having 
random orientations. This may result in random orientated nanowires 10. Alternatively, the 
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nanowiies 10 may be detached from the substzate 20 and may be diqiersed in a solvent by 
ultrasound or by mechanically wiping <iie nanowires 10 off. The nanowiies 10 may be 
dissolved in a solvent of e.g. any aUcane or alkanol C2-C12. The nanowiies may be etched 
accoiding to the method of the invention by illuminating a conlainer which comprises the 
nanowires in a solution. The container and the solvent are at least partly transparent fbr the 
light inducing the etching. The container and the solvent may be at least partly ttaospaient for 
the Ught signal indicative for the wire diameter. The container may have a wall conq>rising 
e^s or quartz. 

A solution conqnisii^ the nanowiies 10 may be deposited on a substrate 20 by 
drqpcasting. The nanowiies may be at least partly orientated by using flow assembly or 
electric field alignment 

In an embodiment a set of randomly orientated i»re-&bricated nanowiies 10 
shown schematically in Fig. 3A is provided. At least one of the preShricated nanowires 10' 
has a wire diameter d' laiger than the desired wire diameter d. When providing the set; tibe set 
may comprise one or more nanowires 1 0 having the desued wire diameter d. In an 
«nbodiment the set of pre-fibricated nanowiies provided prior to the etch treatment shown in 
Fig. 3A has a relatively broad distribution of vrire diameters. Alternatively, the set of pre- 
fibricated nanowires provided prior to the etdi treataient may have a relatively narrow 
distribution of wire diameters as shovm e.g. in Fig. 4A. The set of pre-fihricated nanowires 
10 shown in Fig. 3A is treated by a light induced etdiing usmg unpolarized light of e.g. a 
HeXe lamp. The spectrum of the UgtA used for inducing the etching has a minimum 
wavelength X which is chosen such that the light induced etching treatment is self terminated 
at the desired wire diameter d. Alternatively. Ught having a wavelength shorter than X may be 
used and the etch process may be terminated when the light signal indicative for the wire 
diameter indicates that the set of nanowires has the desired wire diameter. The result of the 
etdiing induced by Ught having the minimum wavelength X chosen such that the Ught 
induced etching tcealment is self terminated at the desired wire diameter d is shown 
schematicaUy in Fig. 3B: After the Ught induced etch treatment the set of nanowires has a 
relatively narrow distribution of wire diameters. SubstantiaUy aU nanowires 10 have the 
desired wire diameter d, independent of the orientation of the nanowires 10. 

The Ught inducing the etching may be Unearly polarized, e.g. along an axis 40 
shown schematically between Figs. 4A, and 4B and 4C. Tn an embodiment the set of pr©. 
febricated nanowires 1 0 provided prior to the etch treatment shown in Fig. 4A has a relatively 
narrow distribution of wire diameters. Alternatively, the set of pre-fibricated nanowires 
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provided prior to iJie etch treatment may have a relatively bioad distribution of wire 
diameters as shovra e.g, in Fig. 3A. The set of pre-fabricated nanowires 10 shown in Fig. 4A 
is subjected to a light induced etch treatment using linearly polarized Ught \n*ich maybe 
emitted in this polarization state by a light source such as a laser or which may be obtained 
by using a light source emitting nourlinearly polarized Ught, e.g. uiqjolarized Ught, such as a 
HeXe lamp, and a, in this example linear, polarizer 39. The apparatus 29 may comprise a 
polarizer 39 shown in Fig. 2, even when the Ught source 30 does emit polarized Ug^it, e.g. 
because the polarization direction of the U^t sonrce 30 is different ftom though not 
peipendicular to the desired polarization direction and/or because the polarization ratio of the 
Ught source 30 is relatively low. Hie polarizer 39 may be located between the Ught source 30 
and tJhfi filter 31, if present, as shown in Fig. 2. Alternatively, the polarizer 39 and the filter 
3 1 may be interchanged which may be advantageous, e.g. when the transmission of the filter 
31 dqpends on the polarization direction. The polarization direction of the Ught inducing the 
etching may be rotated to obtain the desired polarization along axis 40 by an optical element 
3 8 shown in Fig. 2 and well known in tiie art such as a half-lambda plate or a combination of 

mutually tilted mirrors. 

The absorption of the Unearly polarized Hght by the nanowires 10 dq)ends on 
their orientation: nanowires 10 whose longitudinal axis is paraUel to the axis 40 along winch 
the U^ is polarized, absorb the Ugjht relatively efiEfectivdy whereas nanowires 10 whose 
longitudinal axis is perpendicular to tiie axis 40 absorb the Ugjit relatively haefifectively. The 
etching efficiency depends on tiie absorption of tiie UgJiL The more photons are absorbed the 
more effective is the etching. Therefore, the etching induced by Uneariy polarized Ught is 
anisotropic, i.e. nanowires 10 with their longitudinal axis paraUel to Ac axis 40 are etched 
relatively efBdentiy whereas nanowires 10 whose longitudinal axis is perpendicular to tiie 
axis 40 are etched relatively inefifectively. 

After tiie U^t induced etch treatment those nanowires 10a vi^iose longitudinal 
axis is parallel to the axis 40 have the desired wne diameter d, whereas fliose nanowires 10b 
whose longitudinal axis is perpendicular to tiie axis 40 are etched substantially less efficient, 
i.e. after the etch treatment they have a wire diameter db ix^ch is substantially tiie same as 
prior to the etch treatanent, see Fig. 4B. For nanowires ^ose longitudmal axis is neither 
parallel nor perpendicular to flie axis 40, exemplary indicated by reference numerals 10c and 
lOd, flie absorption efficiency is hetweea tiiese two extremes, hi general the absorption 
efficiency scales with a trigonometric function of the angle between ttie longitudinal axis of 
tiie nanowire 10 and tiie axis 40. As a resutt flie wire diameter of tiiese nanowires wifli tiie 
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intermediate position is reduced during the etching, cf. the initial wire diameters dc* and dd' 
versus the wire diameters dc and dd m Fig. 4B. The reduction in the wire diametra- depemds 
on the orientation of the longitudmal axis with respect to the axis 40. The light induced 
etchmg may he stopped when the nanowires 10a parallel to the axis 40 have the desired wire 
diameter d. The time mstant y/hea to stop the etch trKttment may be deteomined by 
monitoring a light signal uidicative for the wire diameter. When this Kght signal comprises a 
component indicative for the desired wire diameter the etoh treatment may be stopped. 

After the light induced eteh treatment tiie set of nanowires 10 shown 
schematically m Fig. 4B has a relatively broad distribution of wire diameters whereas prior to 
the light induced etch treatment the set of nanowires 10 shown schematically in Fig. 4A had a 
relatively small distribution of wire diametras. The wire diameter of the nanowires 10 
depends on the orientation of the nanowires 10. 

The spectiimi of flie Imearly polarized light used for inducing the etdiing may 
have a minimum watvelength X which is chosen such tiiat the induced etohmg tteatinent 
is self temunated at tiie desued wire diameter d. Alternatively, light having a wavelength 
shorter tiian X may be used and the etoh process may be terminated when tiie light signal 
indicative for tiie wire diameter mdicates tiiat at least some of tiie set of nanowhes have the 
desired wire diameter d. 

Whraj light inducing the eteh treatment has a minimum wavelengtii X chosen 
such tiiat flie light mduced etdimg tireatinent is self tetmmated at the desu«d wire diameter d, 
tiie light induced eteh treatment m^ be continued whrai reaching the state schematically 
d^icted in Fig. 4B. Since the nanowires 10a parallel to tilie axis 40 have the desired wire 
diameter d, they do not absoib the light inducing the etehing relatively effectively anymore. 
As a result fliqr are etehed sutetantiaUy less efBcirait Effectively tiiey may be not etehed at 
alL Since tiie nanowires 10b perpendicular to tiie axis 40 do not absorb flie Ught inducing tiie 
etehmg relatively effectively dtiier, they are etehed substantially less efficient as well. 
Effectively tiiey may be not etehed at all. The nanowires 10c, lOd fliat have an mtermediate 
orientation are etched relatively efiScieaitiy until they reach the desired wire diameter d at 
which die absorption of flie light inducmg tiie etehing and tiius flie eflBcienQr of flie etehing 
are largely reduced. The set of nanowires flius obtained is depicted schematically in Fig. 4C. 

In addition to tiie linearly polarized light described above and also referred to 
as tiie first component, the set of randomly oriented pre-fabricated nanowires m^ be 
illuminated by a second component of light inducing an eteh treatment The second 
component may be linearly polarized along a second axis peipendicular to the first axis, e.g. 
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paiaUel to the longitudinal axis of nanowiie 10b shown in Figs. 4A-4C. This second 
conqjonent may induce relatively effectively etching of nanowires 10b which were etched 
relatively ineffectively with the first component The first conqjonent may have a first 
spectrum with a first minimum wavelength h and the second conq»onent may have a second 
spectrum with a second Twininrnm wavelength X2 dififerent from the first minimum 
waveleoglh Xi. The first minimum wavelength Xi and the second minunum wavelength X2 
may correspond to an energy of, e.g. 1.6 and 2.0 eV. respectively. The nanowires paraUel to 
the second axis having a band g^ smaller than, in this example, 2.0 eV absorb the second 
canspoDssat and are thus etdied until they have a band gap oi^ in this example, 2.0 eV. In this 
way nanowires perpendicular to the axis 40 may be etched effectively as well to a desired 
wire diameter which m^ be different fiom the desired wire diameter d determined by the 

first minimum waveleogth Xi. 

The first component and flie second component inay be applied 

simultaneously, sequentially or partly simultaneously and partly sequentiaUy. 

When the second minimum wavelength X2 is differrat fi»m the first minimum 

wavelength Xi, tone may start with nanowires having a wire diameter ^ch exceeds the 

largest desired wire diameter. 

The first conqionent may have a first intraisity and the second conqionent may 
have a second mtensity different firom the first intensity. Because flie efficiency of the eteh 
treatment depends on the amount of Ug^it absorbed by the nanowires being etdied and 
because for polarized Ught this amount depends on the orientation of the nanowhe, nanowkes 
may be etched anisotiopically, i.e. depending on their orientation. This maybe achieved 
^en the second minimum wavelength X2 is different firan the first minimum wavelengtii X,, 

but also wbsm they are equaL 

The method according to the invmtion may be used to ranove one or more 
nanowires fiom the set of pre-fibricated nanowires. In this case the deshed wire diameter of 
the respective nanowires comprises zero. To this end Ught with photons of an energy of 
approximately 2.4 eV or more may be used for hiP. The Ught mducing etohing of nanowires 
having a desured wire diameter of zero may be Uneariy polarized. 

The set of pre-fabricated nanowires provided prior to the eteh treatment shown 
in Fig. 5A conqjrises nanowires lOh which are substantially horizontal, nanowkes lOv which 
are substantiaUy vertical, and nanowires lOi which are intennediate. i.e. neither substantially 
horizontal nor substantially vertical When such a set is illuminated by Ught with a relatively 
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short wavelength such that the light is absorbed by the nanowires unta they are ftUing ^art, 
nanowires may be removed from the set 

In the example of Figs. 5A and 5B the light is lineaiiy polarized along the axis 
40, i.e. it is vertically polarized. In ihis case the nanowires lOv substaittiaUy parallel to the 
axis 40 absorb the Ught relatively efifectively and may be removed from Ihe set whereas the 
nanowires lOh substantiaUy peipendicular to the axis 40 absoib the Ught relatively 
meffectively. As a consequence they are not removed from the set Whether or not nanowires 
lOi which are intennediatB, i.e. neilfaer substantiaUy horizonlal nor substantiaUy vertical, are 
removed from the set depends on Ihe time duration of the iUumination. When Ihe 
iUumhiation is terminated dhectly after removmg Ihe last substantiaUy vertical nanowire lOv, 
the nanowires lOi may remain. When the fllummation is continued, they may be removed as ' 
weU. The longer the Olummation is continued in this case, the better defined is the orientation 
of the remaining nanowires lOh. 

In the example of Figs. 5A and 5C the Ught is Unearly polarized along the axis 
41 which is perpendicular to axis 40, i.e. it is horizontaUy polarized. In this case the 
nanowkes lOh substantiaUy paralld to the axis 41 absorb the Ught relatively efifectively and 
may be removed from the set whereas the nanowires lOv substantiaUy perpendicular to the 
axis 41 absoib the Ught relatively meflfcctively. As a consequence tiiey are not removed from 
the set Whether or not nanowires lOi which are mtermediate. i.e. neither substantiaUy 
horizontal nor substantiaUy vertical, are removed &om the set depends on the time duration 
of the aiumination. When the Uhnnmation is terminated directly after removing the last 
substantiaUy vertical nanowire lOh, the nanowires lOi may remain. When the Ulumination is 
continued, they may be removed as weU. The longer the Ulumination is continued m tiiis 
case, the better defined is the orientation of the remaming nanowires lOv. 

When the pre-fibricated nanowires 10 are supported by a substrate 20, during 
the etoh treatment the siibshate 20 may have a sutfece 23 constituted by a part 23a supporting 
the pre-iabricated semiconducting nanowires 10 and another part 23b being free from the part 
23a, at least the oflier part 23b. The substrate 20 may be homogeneous and entirely consist of 
a material which is etoh resistant, such as e.g. Teflon. The substrate 20 may comprise a first 
layer 24 which is not etoh resistant such as an e.g. native oxide layer on a sUicon wafer, and a 
second layer 25 which is eteh resistant, the second layer 25, shown in Fig. 6. constituting the 
other part 23b of the surface 23. The second layer 25 may be connected to tiie first layer 24 
by chemical bonds which results in a relatively strong interconnection between these two 
layers and consequenfly in a relatively efficient protection of the first layer 24. The second 
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layer 25 maybe conqjosed of one or more materials selected ftom alkyltrieflioixysaoxane and 
alkyltrimethoxysiloxane such as e.g. aminopropyltrietoxysaoxane (AFTES). The alkyl may 
be propyl (C3). butyl (C4), pentyl (C5) iq) to C12. The amino-group may be replaced by a 
m&c&qpto- or carboxyl-grovq). 

In one embodiment a substrate 20 having a non-etch resistant surfece 
constituted by layer 24 such as a siUcon wafer with an, e.g. native, oxide is provided with a 
metal fihn to create nanoparticles which serve as catalyst for the nanowire growth described 
above. After the growth of the nanovraes 10 the surface 23 of the substrate 20 having the 
nanowires is provided with the second layer 25 which is APTES. The substrate supporting 
the preabricated nanowires is immersed in a solution of 0.5 % APTES in ethanol for 10 
minutes. The second layer 25 selectively binds, i.e. it binds with the oxide constituting the 
first layer 24 and not with die nanowires 10 which may be composed of IhP or any other 
semioondactor except for alicon. The resulting structure is shown in Fig. 6. 

In this embodiment flie step of providing the pre-fabricated semiconducting 
nanowires conqnises the sub-steps of providing the substrate 20 which may have a first layer 
24. At least a part of the substrate 20 is not etch resistant The semiconducting nanowires 10 
are grown on a sorfece 23a of the substrate 20. The semiconducting nanowires thus grown 
are the pre-fibricafced semiconducting nanowires 10. After the stop of providing the pre- 
abricated semiconducting nanowires 10 and prior to flie step of reducing the wire diameter 
of die at least one pre-fibricated nanowke 10 by etching as described e.g. above, the part 23b 
of sut&ce 23 of the siibstrate 20 is covered by an etch resistant layer 25. 

In another embodiment a substrate 20 is fijrmed by providing a siUcon wafer 
with a native oxide as first layer 24. Then the first layer 24 is proved with the second layer 25 
wWdi may be conqjosed of APTES. Subsequently, the pre-fibricated nanowires 10 are 
provided by drop casting a liquid solution comprising die nanowires 10 as described above. 

When die pre-fibricated nanowires 10 are siqiported by and distributed over a 
sur^ 23 of the substrate 20, a first part 18 of die sorfece maybe inradiatedby Ught for 
indudngdie etch tieahnent whereas a second part 19 of die surfece fi»e firom die first part 18 
is not being irradiated. Intiiis way the nanowires indie second 19 part are not etched whereas 
diose in die first part 18 are etdied. As a result die nanowires in the first part 18 of die 
surface 23 have die desired wire diameter after die etch treatment whereas tiwse in die 
second part 1 9 still have dieir initial wire diameter. The nanowires 10 in die first part 1 8 
be removed by etching induced by light 
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In an embodiment the first part 1 8 of the surfece 23 is inadiated by a first li^ 
intensity and the second part 1 9 is irradiated by a second li^ intensity smaller than the first 
light intensity. As a result the nanowhres in the first part 18 are etched more efficiently than 
those in the second part 19. When the light induced etching treatment is stopped, e.g. by 
blocking the Kght source 30, before the etching of the nano^mes m the second part 19 is self 

tenninated, the nanowires 10 in the first part 18 have acquired a smaUer wire diameter than 
those in the second part 19. 

The etching of the nanowires inthe first part 18 maybe self tmninated or it 
may be stopped prior to reaching the wire diameter at which the etdiing is self temiinated. Jn 
the latter case the Ugjrt source 30 may be blocked m dependence of the Kght signal mdicative 
for the wire diameter. 

The first part 18 and the second part 19, ^Mch may not be irradiated or which 
may be irradiated with the second mtensity, may be defined by a mask. The mask may be a 
separate part of the afjparatns 29. The mask may be integrated in filter 3 1 and/or m plate 22. 
When part 19 is not irradiated, the mask blocks the Kght directed to the second part 19. When 
part 1 9 is irradiated with the second mtensity smaller than the first mtensity, the mask partly 
blocks the Kght directed to the second part 1 9. The mask may be etch resistant and may be 
provided directly to the second part 19 prior to providing the etch solution. Instead of a mask 
the Kght may be provided as an, e.g. fi)cused, Kght spot which is scanned over the surface 23. 
The scan speed may be modified to change the efifective intensity, i.e. areas where the scan 
speed is relatively low are etched relatively effidentiy whereas areas where the scan speed is 
relatively high are etched relatively inefficiently. Alternatively or in addition, the Kght may 
be modulated in mtensity and or minimum wavelength during the scanning as function of the 
position. To this Old the apparatus may comprise a scan unit which is controUed by the 
system control unit 

In an embodunent tiie first part 1 8 of tiie surface 23 may be irradiated by Kght 
having a first mmimum wavelength, tiie second part 19 fi-ee from tiie first part 18 of tiie 
surfece 23 may be irradiated by Kght having a second minimum wavelengtti different fiom 
tiie first mmimum wavelength. In tiiis way the nanowires in flie first part 18 and in tiie second 
part 19 may be etched to different desired wire diameters which are determmed by the first 
minimum wavelengfli and tiie second minimum wavelengtii, respectively. 

When irradiating tiie first part 1 8 and the second part 19 witti Kght having 
different minimum wavelengtii, tiie first part 18 and flie second part 19 may be irradiated 
sequentiaUy. A mask may be used to block tiie Kght directed to flie first part 1 8 and tfie 
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second part 19, when etching the second part 19 and the first part 1 8, respectively. The mask 
may be similar to the mask described above used for irradiating the first part 18 while not 
irradiating the second part 19. Alternatively, a patterned filter 31 may be used which has a 
first area for transmitting Ught having the first minimum wavelength and a second area for 
transmitting Ught having the second mmimum wavelength. The first area and the second area 
being designed such that they transmit the Ught to the first part 18 and the second part 19, 
respectively. 

The method of manufacturing a set of nanowires according to the invention 
may be used in a method of manufecturing an electric device 100. The electric device 100 
may comprise a set of nanowires 10 having a desired wire diameter. The electric device 100 
may conqrase nanowires 10 which are each electrically connected to a first conductor 110 
and to a second oondactor 120 which may be electrically insulated fi»m the first conductor 
110. 

The electric device 100 may comprise a set of nanowires 10, the set 
con^sing a first subset of nanowires 10a eaOx having a first wire diameter da and a second 
subset of nanowires 10b each having a second wire diameter db different fiom the first wire 
diameter da. The nanowires 10a of die first subset may be attached to a first part of flie 
substrate 20, in the example of Figs. 8A-12B is constituted by die first conductor 1 10a. 
The nanowires 10b of flie second subset may be attached to a second part of die substrate 20. 
which in the exanq)le of Figs. 8A-12B is constituted by Ihe first conductor 1 10b and which is 

fise fiom the first part 

The nanowires 10a of tiie first subset may be electrically connected to a 
conductor, which m die example of Figs. 8A-12B is constituted by die first condactor 110a. 
The nanowires 10b of die second subset may be electricaUy connected to a fijrther conductor, 
which in the example of Figs. 8A-12B is constituted by tiie first conductor 1 10b and vvbidy 
ms^ be electricaUy insulated fiom the fiirther conductor. 

The method comprises the steps of febricating die set of semiconducting 
nanowires 10 having flie desired wire diameter according to an embodiment of die mefliod 
described above, and electricaUy contacting die nanowires 10 of flie set to a first conductor 
1 10 and to a second conductor 120. Successive steps of die mefliod are depicted in Figs. 8A- 
12B. 

In a first step a substrate 20, which may be a siUcon wafer, is provided wifli 
isolation zones 102 which may be shaUow trench insulation (STI) regions shown in Fig. 8A 
and 8B, and with alBrst cdndiictor 1 10 for electricaUy contacting the nanowires 10 to be*" " ' 



PHNL031430EPP 



10 



26 22.12^003 
fonned later on. The first electrical conductor 1 10 may be fanned by doping regions of the 
substrate outside the STI regions. Alternatively or in addition, a conductor may be deposited 
for forming the first conductor 1 10. The substrate 20 may be an insulator such as a quartz 
substrate. In this case the isolation zones 1 02 are not required. Ja the embodiment of Figs. 
8A-12B three parallel, mutually insulated first conductors 1 10 are provided. However, the 
invention is not limited to three mutually insulated first conductors 1 10. Alternatively, the 
first conductor 1 10 may be electrically conductively be connected to aU nanowires 10 of the 
set, or it may conaprise N mutually insulated electricaUy conductors where N is an integer 
larger Iban one. Here and in the ronainder of the application the temi "mutually electricaUy 
insulated" impUes that the conductors are not direcdy eleclrically connected. It does not 
exchide that the conductors are electrically connected mdirecfly, i.e. via one or more 
additional elements such as e.g. the nanowires 10 and/or the seccmd conductor 120. The 
substrate 20 may be transparent to visible lig^t 

Onto the first conductors 1 10 nanoparticles 1 1 1 composed of a metal such as 
15 e-g. gold may be provided which may act as catalysts for growing the nanowires 10 as 
described e.g. above. The nanowires 10 are grown at the position of flie respective 
nanoparticles 111. The wire diameter d' of at least one of the pr©-fibricated nanowires 10' 
thus obtained, shown in Figs. 9A and 9B, may be larger than the desired wire diameter d. To 
reduce the wire diameter d' of Ibose nanowires 10' whose wire diameter is larger than the 
desired wire diameter d, the nanowires are subjected to a light induced etch treatment 
according to the invention. After growing the nanowires 10* and prior to providing the 
etching solution, the pre-fibricated electric device 100 may be provided with an etch resistant 
1^ such as e.g. APTES to protect the STI regions if present and/or the substrate. 

For inducing the etch treatment of the nanowires 10a attached to the first 
conductor 110a shown in Figs. lOA and lOB Hght having a first minimum wavelength may 
be used resulting in a desired wire diameter da. During this etch treatment of the nanowires 
10a attached to the first conductor 1 10a, etching of the nanowires lOb and lOc attached to the 
first conductor 1 10b and 1 10c, respectively, may be prevented, e.g. by using a mask. 
Subsequently, flie nanowires 10c attached to the first conductor 110c shown in Figs. lOA and 
lOB may be etched by light induced etching using Ught having a second minimum 
wavelength resulting in a desired wire diameter dc. During this etch treatment of the 
nanowires lOc attached to the first conductor 1 lOc, etching of the nanowires 10a and 10b 
attached to the first conductor 1 1 Oa and 1 1 Ob, respectively, may be prevented. e.g. by using a 
mask. If required, the nanowires 10b attached to the first conductor 1 10b m^ be etched as 
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weU to obtain a desired wire diameter db. The etching of the nanowires 10a, 10b, if idevant, 
and 10c may be self tenninating or may be tenninated in dependence of a light signal 
jndicativB of the wire diameter. 

In this method a set of nanowir^ 10a, 10b, 10c is obtained which consists of a 
three subsets of nanowires, each subset having a wire diameter which is different from the 
wire diameter of the nanowires of the other two subsets. Each subset is connected to a 
particular first conductor 110a, 110b, 110c. 

Subsequently, the pre-fibricated electric device 100 shown in Figs. lOA and 
lOB may be provided with a, preferably transparent, dieLectcic layer 130 such as e.g. a spin 
on glass (SOG), shown in Figs. 1 1 A and 1 IB. The iqjper surface of the pre-febricated electric 
device 100 thus obtained may be provided with a second conductor 1 20 for electrically 
contacting the upper end portion of the nanowires 10. 

The i5)per endporti<m of flie nanowires 10a, 10b, 10c maybe electrically 
connected to second conductors 120a, 120b, 120c shown in Figs. 12A and 12B, whidi are 
mutually eledrically insulated. The first conductors 110a, 1 10b and 1 10c and the second 
conductors 120a, 120b and 120c are mutuaUy perpendicular and form, in this example, a 
fliree by three anay. In the embodiment of Figs. 8A-12B one nanoparticle 11 1 and thus one 
nanowire 10 is provided at each intersection area defined by the first conductors 1 10 and the 
second conductors 120 vdiich define an, in fliis example rectangular three by three, array. The 
invention is not limited to an array of this shape or size. The invention is not limited to just 
one nanoparticle 1 1 1 and one nanowire 1 0 per mtersection area. Instead some or all 
intersection areas may have more than one nanoparticle 111 and one nanowire 10. 

The second conductor 120a, 120b, 120c may be at least partly transparent to 
visible Ught They may be conq)osed e.g. of indium tin oxide (TTO). The first conductor 1 10 
and/or the second conductor 120 nmay be composed of zinc or a zinc alloy. 

The nanowires 10a, 10b, 10c may each comprise a p-doped part lOp and a Ur 
doped part lOp fonning a p-n- junction, shown in Fig. 13. When sending an electrical current 
fiom the first conductor 1 10 throu^ tiie nanowire 10 to the second conductor 120, electrons 
and holra are ixgected from the respective n-doped part 10 n and p-doped part lOp. When 
these charge carriers recombine, ligjit is emitted. The Ught is emitted mainly in the p-dqped 
part lOp close to the p-n junction due to the higho: mobility of tte electrons as compared to 
^ holes. 

In the electric device 100 shown in Figs. 12A and 12B, the nanowires 10a, 10b 
and 10c may each comprise a p-n junction. The wavelengfli of the li^t emitted by the above 
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described recombination of the holes and electrons depends on the bandgap and hence on Ifae 
wire diameter at the location of the recombination. In the CTabodimoit of Figs. 12A and 12B 
Hie nanowires 10a, 10b and 10c may have di£fer»it wire diameters da, db and dc. as a 
consequence they may emit Ught of different wavelength. The nanowires may be composed 
oflnPwflhilienrdopedpart 1 On being doped by e.g. S,Se and/or Te, and the p-dqped part 
lOp being doped by e.g. Zn or Cd. The concentration of the dopants may be e.g. between 
lO'Mo^cm^. 

Hie p-n junction m^ serve as a selection device, i.e. a pixel of the anay 
finmed by the first conductors 110 and the second conductors 120 may be selected by biasing 
Ihe respective first conductor 1 10 and the second conductor 120. The nanowire lObb located 
at the intersection of first conductor 1 10b and the second conductor 120b may be selected by 
biasing tiiese two conductors. At the intersection more llian one nanowire 1 Obb may be 
located and selected. 

Alternatively, Hie electiical device 100 may conqnise an array of selection 
devices sudi as transistors which may be thin fihn transistors and which may be integrated in 
the substrate. The selection devices maybe addressed by a grid of selection lines for selecting 
subsets of the nanowires 10. 

In the embodiment shown in Fig. 13 the n-doped part lOn is electrically 
connected to the first conductor 1 10 having a first distance ki to the p-n junction. The p- 
dopedpart Ipp is electricaUy connected to the second conductor 120 having a second 
distance Ip to tiie p-n junction whidi is smaller than the first distance In. The n-doped part 
lOn has a wire diameter dn which is larger than a wire diameter dp of the p-dopedpart lOp. 

Due to the presence of the p-n junction the electron-hole pairs generated by the 
absorption of the light inducing the etching are separated such that flie electrons flow to the 
n-doped part lOn and the holes flow to the p-doped part lOp. The holes are mainly 
responsible for tiie Ught induced etching. The higher hole concentration in the p-doped part 
lOp results in a more efficient etching and thus in a relatively small wire diameter dp. As a 
result, the nanowire may have two regions, tiie n-doped part lOn and the p-dcpedpart lOp, 
having different diameters dn and 6p, respectively. The n-doped region may have a diameter 
which may be similar to the wire diameter prior to etching. The wire diameter dp of the p- 
doped part lOp may be predetermined by the minimum wavelengfli of the light used for 
inducing tiie etching. The light signal indicative for tiie wire diameter may be observed when 
etching nanowires 10 having a n-doped part lOn and a p-dopedpart lOp. The light emifled 
due to recombination of electirons and holes in tiie p-doped part lOp is indicative for tiie wire 
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diameter dp of this part. Once the light signal indicates that the desired wire diameter dp is 
reached, the light mducmg the etching may be blocked to prevent any further etching of the 
n-doped part which may result in an unwanted fijrther reduction of the wire diameter dn of 
the n-doped part 1 On. 

5 It should be noted that the above-mentioned embodiments illustrate rather than 

limit the invention, and that those skilled in the art wiU be able to design many alternative 
embodiments without departing fix)m the scope of the appended claims. In the claims, any 
reference signs placed between parentheses shaU not be constraed as limiting the claim. The 
word "comprismg" does not exclude the presence of other elements or steps than those listed 
10 in a claim. The woid "a" or "an" preceding an elemrait does not exclude the presence of a 
ptoralily of such elements. 

The method of febricating a set of semiconducting nanowires 10 having a 
desired wire diameter d conqirises the stqps of providing a set of pre-febiicated 
semiconductmg nanowires 10% at least one pre-fibricated semiconducting nanowire having a 
15 wire diametKd' larger dian the desired wire diametad, and reducmg the wire diameter of 
the at least one pre-fibricated nanowire 10' by etching, the etching being induced by light 
which is absorbed by the at least one pre-&bricat6d nanowire 10', a spectrum of the Ught 
being chosen sudi that the absorption of the at least one pre-fiibricated nanowire being 
significantly reduced when the at least one pre-fibricated nanowire reaches the desired wke 
20 diameter d. 

The electric device 100 may conq[irise a set of nanowires 10 having the desired 
wire diameter d. The apparatus 29 may be used to execute the method according to lbs 
invention. 
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CLAIMS: 



1, A method of febricating a set of sraniconducting nanowires (10) having a 
desired we diameter (d), the meihod comprising tibe steps of: 

providing a set of pre-febricated semiconducting nanowires (10'), at least one 
pre-fabricated semiconducting nanowire having a wire diameter (d*) larg^ than the desired 

S wire diameter (d)» and 

reducing the wire diameter of the at least one pre-j&bricated nanowire (10') by 
etching, the etching being induced by electromagnetic radiation which is absorbed by the at 
least one pre-fabricated nanowire (10'), a minimum wavelengfli of Ihe electromagnetic 
radiation being chosen such that the absorption of the at least one pre-febricated nanowire 

10 being significantly reduced when the at least one pr^febricated nanowire reaches the desired 
wire diameter (d). 

2. A method as claimed in claim 1 , wherein: 

a radiation soittce (30) is used which emits the electromagnetic radiation 
15 inducing the etching and electromagnetic radiation having a wavelengdi shorter than the 
Tninimnin wavelength, and 

the electromagnetic radiation emitted by the radiation source (30) is spectrally 
filtered for substantially reducing electromagnetic radiation having a wavelength shorter tiian 
the TP^TiiTTnim wavelength. 

20 

3^ A method as claimed in claim 1, wherein prior to the step of reducing the wire 

diameter substantially all the pre-fabricated semiconductiaig nanowires have a diameter (d') 
larger than or equal to the desired wire diameter (d). 

25 4, A method as claimed in claim 1, wherein the light inducing the etch treatment 

is linearly polarized along an axis (40). 

5^ A method as claimed in claim 1, wherein the light inducing the etch treatment 

has a first conojionent bemg linearly polarized along a first axis (40) and a second ccnnponent 
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being linearly polarized along a second axis (41) fonning an angle larger lhan zero with the 
fast axis (40). 

6. A method as clainied in claim 5, ttefirat component has a first s^^ 
a first minimum wavelength and the second component has a second spectrum ivith a second 
minimum wavelength dif^?ent fixnn the first mimnnmi wavelec^gth. 

7. A melhod as claimed in claim 5, ^((lieiein the first component has a first 
intensity and the second conaponent has a second intensity different from the first intraisity. 

^- A method as claimed in claim l.wiiereinihe desired wire diameter (d) 

comprises zero. 

^- A method as claimed in claim 8, wherein flie light inducing etching of 

15 nanowires having a desired wire diaiiieterofzero is linearly polarized. 

10. A method as claimed in claim 1, wherein the pre-fibricatBd semiconducting 

nanowires (10) are supported by a substrate (20). 

^® A method as claimed in claim 10, wherein the substrate (20) comprises an 

electrical condactor (1 10), the pre-^ricated semiconducting nanowires (10) being 
electdcally conductively connected to the electrical conductor (1 10). 

12. A method as claimed in claim 1 0, wherein the substrate (20) has a surfece (23) 

25 constituted by a part (23a) supporting the pre-fabricated semiconducting nanowires (10) and 
another part (23b) being free from the part (23a), at least the other part (23b) being etch 
resistant 



13. A method as claimed in claim 12, wherein the substrate (20) coniprises a first 
30 layer (24) which is not etdi resistant, and a second layer (25) which is etch resistant, the 

second layer (25) constituting the other part of the surface (20). 

14. A method as claimed in claim 13, wherein the second layer (25) is connected 
to the first layer (24) by a chemical bond. 



PHNL031430EPP 



32 22.12.2003 

15. A method as claimed in claun 13 , wherein the second layer (25) is conqrosed 
of one or more materials selected ftom alkyltciethoxysiloxane and alkyltrimethoxysiloxane. 

16. A method as claimed in claim 10, wherein the step of providing the pre- 
fibricated semiconducting nanowires (10') comprises the following sub-steps: 

providing the substrate (20), a surfece of the substrate being etchable, and 
growing semiconducting nanowires (10') on the surfece of the substrate, the 
grown sonicoDducting nanowires being the pre-fabricated semiconducting nanowires, 

and after the step of providing the pre-febricated semiconducting nanowires 
and prior to flie step of reducing the wire diameter of the at least one pr&-fabricated nanowire 
1^ etdung the exposed sur&ce of the substrate is covered by an etch resistant layer (25). 

17_ A method as claimed in claim 10, \«dierein the pre-fibricated semiconducting 

nanowires (10) are distributed over the surfece (23), a first part (18) of the surfece being 
irradiated by U^t fijr inducing the etch treatment, pre-fibricated semiconducting nanowires 
(10) in a »cond part (19) of the surfiice being prevented ficom et«*ing. 

18. A method as claimed in claim 10, M*«ein the pre-fiihricatBd semiconducting 
nanowires (10) are distributed over the surfece, a first part (18) of the surfece area bang 
irradiated by a first Ught intensity, a second part (19) of the surfece fi«e from the first part 
(18) of the surfece being irradiated by a second Ught intensity smaller than the first Ught 
intensity. 

19. A method as claimed in claim 10, wherein the pre-febricated semiconducting 
nanowires (10) are distiibuted over the surfece, a first part (18) of flie surfece being irradiated 
by Ught having a first minimum wavelength, a second part (19) of the surfece being irradiated 
by Ught having a second minimum wavelength different fixmi the first minimum wavelength. 

20. A method of manufectaring an electric device (100) comprising a set of 
nanowires (10) having a desired wke diameter (d), each nanowire (10) of the set being 
electrically connected to a first conductor (1 10) and to a second conductor (120), the method 
comprising the steps of: 
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fabricating the set of saniconducting nanowii^s having the desired wire 

diameter according to the method of any of the Claims 1 to 19, and 

electrically contacting die nanowiies of the set to a first conductor (1 10) and to 

a second conductor (120). 

21 . An electric device (100) comprising a set of semiconducting nanowires (10), 
the set comprising a first subset (10a) of nanowires each having a first wire diameter (da) and 
a second subset of nanowires (10b) each having a second wire diameter (db) different fiom 
the first wire diameter (da), the nanowires (10a) of the first subset bemg attached to a first 
part of a substrate (1 10a), the nanowires (10b) of the second subset bemg attached to a 
second part (1 10b) of the substrate free fix)m the first part (1 10b). 

22. An electric device (100) as claimed m Claim 21, whetem the nanowires (10a) 
of the first subset are electrically connected to a conductor (1 1 Oa), the nanowires (1 Ob) of the 
second subset are electrically connected to a fittther conductor (1 10b), the conductor (1 lOa) 
being electrically insulated fiom the fiirlfaer conductor (1 10b). 

23. An electric device (100) as claimed in Qaim 21, wherein the nanowires (10) 
conqirises ap-dopedpart (IQp) and aurdopedpart (lOn) forming a p-n junction. 

24. An electric device (100) as claimed m Claim 23, wherein the n-doped part 
(lOn) is electrically connected to a first conductor (1 10) having a first distance (hi) to the p-n 
junction, the p-doped part (lOp) is electticaUy connected to a second conductor (120) having 
a second distance (Ip) to the p-n junction smaller than the first distance (hi). 

25. An electric device as claimed in Claim 23 or 24, wherein the n-doped part 
(lOn) has a wire diameter (dn) which is larger than a wire diameter (dp) of the p-doped part 
(lOp). 



26. 
and 



An apparatus (29) for light induced etching of nanowires (10), comprising: 
a Ught source (30) for emitting Ught inducing the etching of the nanowires (10) 
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a monitor unit (35) for monitoring a Ught signal emitted by ihe nanowires (10) 
during the etching, the Ught signal being indicative for the wire diameter of the nanowires 
(10). 

5 27. An apparatus (29) as claimed in Oaim 26, further conq)rising a system control 

unit 36 for controlling the Ught source (30) in dependence of the Ught signal monitored by the 
monitor unit (35). 

28. An apparatus (29) as claimed in Claim 26, further con[q)rising a polarizer (39) 

10 for polariang Has Ug^ inducing the etdiing. 



29. An apparatus (29) as claimed in Claim 26, further coiiq)rising an optical 

element (38) fbr rotating a polarization of the Ug^it inducing the etching. 
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ABSTRACT: 



The method of fihricating a set of semiconducting nanowires (10) having a 
desiied wire diameter (d) conqwises Ihe steps of providing a set of pre-febricated 
semiconducting nanowires (10'). at least one pre-fiibricated semiconducting nanowiie having 
a wire diameter (d*) larger ttian die desired wire diameter (d), and reducing the wire diameter 
of the at least one pre-fibricatednanowire (10*) by etching, the etching being induced by 
Ught which is absorbed by die at least one pre-fibricatednanowire (10'), a spectrum of die 
Ught bemg chosen such diat the absorption of die at least one pr^febricated nanowire being 
significantly reduced Miien the at least one pre-febricalednanowire reaches die desired wire 

diameter (d). 

The electric device (100) may comprise a set of nanowires (10) having the 
desired wire diameter (d). The apparatus (29) may be used to execute the method according 
to the invention. 



Fig. lOB 
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FIG. 7 



PHNL031430 

ri 




PHNLJ031430 



9/13 




i i § i 




PHNL031430 



11/13 



CO 



i:: 


1 1 


1 


1 






1 






UlU 



5-^ 



WWUWWUl 



\u\\u\uiu 
wunnnui 
uwuunni 



\ wnui J 



iwniuiuu 
wuiinnui 



I 



wiuuniui 

Ll 1 U-i. i-LJ .1-1-1 .1 a 




8 



IT rn T riT rn t m nii ni rn t mT| 



\\\ 
\\\ 
in 
in 
\u 

iv 
111 
\n 
in 
in 
ni 
in 
III 
III 
III 
III 



III 
in 
in 
in 
in 
in 
in 
in 
m 
in 
III 
in 
III 
III 
in 
in 
III 
III 
III 



III 
in 
III 
III 
in 
III 
III 
in 
rrv 
III 
in 
III 
III 
in 
III 
III 
III 
III 
III 



a II wpiijifplui 



CO 



nil 
nil 
nil 
iiij 
in! 

wi 

\t\i 
ri^ 
nil 
in; 

in! 
nil 

ml 
nil 
in; 

in; 

ni! 

nil 
J 



- CD 



CD 



PHNLj031430 



12/13 




rnTrnTnTrnrnTrnrnTrnTn-* 



u u I u!u u ; u L'l u a u iju u!i n I 
juu u ui\ u u u m u u 11 in Ui\y i 



li 



I U U U |l 1 U I U 1|U U hSV ^ ^ - - 

n. u u 111 u 1 H uii u u iTiiu nil u I 

1 

I rTTTttrrrrrrnin 
uuui!ini;tu!u 

luuuiunnuiuu 

!uuiu!nu;ui!niHni!uii!iul 
u u I u nrpi \ \ ni^A \ \ i 



o 



^ CM O 



3 



CM 

CD 



u I n u \ u \ n u n u u u 1 u n i^-H-g 




CM 

CD 





FIG. 13 



I 

PCT/IB2004/052686 j 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record. 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



|P BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



|^R£FERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 
□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 





LINES OR MARKS ON ORIGINAL DOCUMENT 



